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NEAR CRITICAL AND SUPERCRITICAL OZONE SUBSTRATE TREATMENT 
NEAR CRITICAL ai ^ APPARATUS FOR SAME 



P A^r.WQTTND OF INVENTION 

5 1 V\eM of the Invent ion . 

""l^s^uonreWesrofceehemicalarts. Mcp^ouWyfte — 

rel a,es to a method fo, cUaning, rinsing and/or drying AM. with a dens. tad. 

wafer's suri%« is undesirable because it often results in lower die yields on the 

semiconductor wafer. 

This has resulted toagreatneed for *e development of methods for photoresrs. 

I^.^r^.^logica.advaneeain.hea^of^u^^^ 
20 ^onofnenoheswidthighaspeor^osexaspe^teproblenrofdevelopmg 
acceDtable cleaning technologies. 

^ovlngtoelaye^is^ureresistnra^arcvaryresis^ttoa^byntos. 
.highaspeot^-creanngverybighcapmarypressnre. B^-^TP— — 

Ozone is a naturally ocourring triatomic form of oxygen, wtaoh, nnder atmosphenc 
temperature and pressure, is an unstable ma, decomposes readily into mo,«ubar oxygen 
3„ Xe.ecJenncaioxidadonpo^ofXOV.o^ia.po^o^^ 

.a^veclean^gcn^calbecanaeUeanhegenem^m-stmandfoUowmgnsa, 
decomposes back into oxygen gas. 
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With respect to cleaning wafers to remove photoresist contamination, commercial 
dangeroos or ecologically nnsafc chemical processes. One such system, the SMS D103 

^rlo^mahmkofohUledtS-Qdeiom^wa^wMchisdrcmatetimtoataA . 
containing the wafers. However, mis system softer* from art inability to apply fhertual 
e^gy to tire substrate, because raising tire temperature lowera me solubility of ozone » 
solution. Fnrthemrore, tire soM ozone gas interfacfal reaction is essentially time-dependen. 
and concentration-dependent. 

Another tire system, the HydxOzone process, diffuses ozone gas through a flun film of 
^ water spread over a spinning wafer. However, am* to the SMS D103 process, 

aurfaceisve^limiteddue^tiresotid-ozonegasm^e. Further, excessive agt«tou 
15 theo Jgaaasitdu^estirroughtiretinnfihnboundary. An additional drawback of hour 

solventselectivi^c^beUmittagmmanyphcrtoresistKmova.apphoa.rons. 
20 acleaningagentadditiveisused^e^oysoasonn.ainedonfthrrc, This nrefhod ss srmria, 

ProbI 7ollowing these ozone-clerunng processes, a method often used to rinse wafers is tire 

^^^.^^^^^'^^^ 
25 ^fterinse-kto.^ovewatera.dimpuntieafcmtiaesenucnndu^rwafer^A 

wafer, fc^*-**^^^ - ^^™'"^!. 

opamtion, which can further increase tiro number of particles on tire wafer. 
30 Another technique used ,o bofh rinse and dry wafers relies upon a spur nnae/dryer. 

The spin rinse/dryer uses a combination of rinse water spur, to rinse tire wataand 
centrifugal force to remove the water. The drying step removes water from the 
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M a,so can induce more parucles on* fte wafer. Ini^y or su^d 

Cueing the number of good to on ft. wafe,. AddMonafty, s«ic daCno.^, *Wt 
s ^e^d^fto^^ft^b,^--^-^ 

desigB^ftmovingpart.-dftalto.Theoon.plaxmechanioaldasigooftanleads.o 
pIoble ms suchasgreaterdownunae, wafer breakage, mora .para parts, and grt-ater costs, 

— ^^^^^eaniWalcohoi^vapord^ 
^aMdM^ffA^An^ofsucha^isde^WmU^ 
No 491176U*.*.— McComKuera/.generallydescnbesthe 

tata, vapor forma a thick organic vapor layer ovarlying fte rinse water «o drsplaoa (e.g 
15 ^LUnHnsowarerwifturedryingvapo, H. ftick vapor iayerftums an— 

Ugmynammabla.andhazardonstohedftandftaanvnonmant. Another hmrtation wtth 

such these dryers is their cost. . • a „ fo 

20 StfU anofter drying technique relies upon ho. prccess water ,o nnse and promote 

^gofftesemiconductor wafer. However, ho, water often produces stains on fte wafer, 
andalsopromotesboUd-upofbactanalandofterparticlea. 

As line size becomes smaller and the complexity of semiconductor integrated circuits 

25 forpraedcmgft.meftodfta.^ovesunwan^orgamcfilrr.^partcleatomwafer^ 
nftewafa^Th^isaftnfterde^neMforanm^veuproceasforftendryrngfte 
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BRIEF SUMMARY OF THE INVENTION 

Nowtohasbeeafoun^ffl.provcdmeftod^appan.us.ha.p.o^asaf^ 

^anchasasendcondoctorwafer. The M 

Ivingsemicondu^or^fhathave^onevano.sUmogralWcproce^. 

b accordance with the inventive tneihod, tie aobstrate is treated with a reason 
^(onaedofaupercrrdcaiozotreinafeedphaae. The fee4 phase can be a,ueons, e.g., 
fonned of heated, deronized water, no^e.g.,fo m edofaden S e fl urd, such. 

b some embodiments, to reaction solvent additionally contents a reachon modrfier, 

include hydrogen peroxide, acetic acid, or combinations thereof. . 

taemhodonen.wh^nneproces.iscantedoatmanMaeousph^^^ 

and.ftaidoude, out offte reactor, m some embodiments, an mBmal spray head s 

a K o P er^yco M ^»te^.The^h,dndes.f«d 8 o« B efor 
2o ^Hdcalornearcndcaioxy^afeeosourceforhe^war.r.andannxer Anox^en 

to the fluid inlet 

L.-^-"^---»--' dlv,-ta,l "" w " 

£ -*u • « feed source for an additional dense 

andnonaqneomphasea.theappa.atusfurftermclmlesafeedsoor 

30 fluid including supercritical, near critical or U,uid carbon dioxrde and/or a feed souree fcr 
coLec^^nnidaoo^eortheycanbeconnec^d.o^oxygensonrceoude.hnea.a 
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iocationbetweenthe oxygen source a*d me ozone generate, In^osee— tsw re 

foranadditionaldenseflui^butdoesnotincludeafeedsourceforde^ 

Aforther understanding ofthe nature and advantages of the invention may be realxzed 
5 by reference to the latter portions of the specification and attached drawmgs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 isamixedpbasedlagram^ 
conditions for N 2l ,H 2 0 ls 0 3 and C0 2 . f+ . pnre ,ent 
10 Fig. 2 is a diagram ofthe surface free energy ofthe various phases ofthe present 

invention for different reaction solvents. frt , enrese nt 
Fig 3 is a diagram of the cohesion energy values for vanous phases ofthe present 

invenuoninrelationtopene^ 

Fig .4isadiag™iUust^ 
15 behavior in relation to cohesion energy. 

FIG 5A is a diagram illustrating a substrate-contaminant phase. 
FIG SBisaflowdiagrammustra^ 

Fig. 6 is a diagram providing cohesion energy values for carbon dioxide-water 
mixtures and Ulustrating their effect upon contaminants. 

Fig Visadiagram illustrating effect ofreaction modifiers on me invenUve process. 
Fig.' s 8 A-C are flow diagrams ulustrating reaction mechanisms for the inventive 



20 

process 



* 9 is « flow diagram floating the effect of reaction P H on the inventive process. 
Z* 17A-C are flow diagrams iltasmmng alternative embodiment* of the nwennve 

M """"'Fig. n is a schenmnc diagram of an appamrus in accordance with me invention 
includingantategratedflmdaprocessmgandmanagementsyatem. 

Fig .. s 12A and B are front and side viea of a reactor naefdl in acenrdance warn me 

supercritical ozone and mixtures. 
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Fig. 13B is a flow diagram iltafcattag a corona discharge for generating supercritical 

ozone and mixtures. - + - _i 

Fig 3C is a flow diagram illustrating an ahemative device for generating supexcntical 

ozone and mixtures. 

Fig 14A is a flow diagram Ulustrating an embodiment of invents process. 

.Rg. 14B is a flow diagram illustrating the process dynamics for the embodiment of 
the inventive process. 

Fig 1Sh .l kw dlH»B^•^« ri, ^^ l ^* W, " 
Fig nisaflowdiagramillu^gatmemboctaen.oftinemventiveprocesa. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

V present invention provides a safe, efficient, and high!, selective method and 
„ appamnrstociean.rtnse^ord^asuh^CoromerobiecO. In particdat, tire preset 
rmodptovrdeaadenseflmdoxidationprc^titattemovesdncUayemofotgamcfilm 

fiomthesubs^teandalsoeffcrtvelyctastheunderlvingsub.tiate. 

Tie invention is especiaUy useftd in removing patterned photoresu* from a wafer, 

2 0 mrdergonevanoustimographicproceases, The metitod includes placing a — « 

ta^tascandnreactionfeedsolv^tphase. Tie three phases form two mtertard 
lo^asubstra^ontomtau. ph^ontate^bouudatyandate^on 
interphasefteaction feed solvent phase boundary. 
30 The term dense fluid is used herein to describe physical states of ozone, carbon 

dioxide and nitrogen wherein these normally gaseous substances have densities mat are 

SupercritiCorne.supemdticmo.one, 
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coined incKase in density, «- «■ ** — *» »** ^ 

Fore^o^e^.a^^osphenc^pe^^p^. Ozone 

advent The critical pressure and .ampere for ozone is 55 atm and -!2 C, 
'"^Ly, carbon dioxide exists aa a ,ow-densi,y gua a, st^dard temperanue and 

H-l*.— * mongnp^or.an.pe.annen.odmcadon.c^nd.ox, eoan 
,5 ^carbon dioxide to Ha freezing point causes a phase fansmon mto aoUd-«e carton 
iLcompressionbefcwandabovemecriflc^^ 

nroIpoLdoesno^.^c^^^^-^7 
20 t w 305»Kc^«be B ,ue fi ed« m yP^y=t^^ fe r*aga Sm ayb.U^d- 

Krton dioxide is termed a supercritical fluid. 

toconuas.^uoftozone^car^ndioxide^dozone.nitrogencanbe 

25 — - 147C. 0^--*-«*---*-*-* 

Zen along^ozoneinvarionscomposirionsprovidesuniques^nflcanonand 

rTT. mixed phase diagram shoeing near-crittcal and supescriucal boundary 
30 ^onafornin.gen.wa^ozoneandcaahondioxide. By adjuadng pressure and 
Itari-^fvariousnri^sofcarhondioxide.mnoge.ozoneandwa^vanoua 

Jed-phase aqueous and uon-aqueous combinations can be produced. For exampie, 
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aqueons mrxed^phase compost can be created, including ^critical nitrogen-near 

superaWca. ozone-water 12, and supercritical carton dioxide-supercriucal ozane-waK* 14. 
Non-aqueous mixed-phase compositions may be created including liquid carbon droxrde- 
supercritical ozone 16, supercritical carton dioxide-superoriticul ozone .8 and supemndcal 

^^condmonaofp^^n^e^^.^^^ 

and interphase transport conditions. 

Table 1 givessomephysic^cheniicaldataforvariousdensefluidsand water. The 

denseflddsexMbitvariabledensityandcohesionenergyCsolubil^ 

exhibit no snrface tension-providing instantaneous wetting of and rapid penetratonmto 
substrate surfaces. By comparison, water ^ri^oo— 
surface tension and cohesion energy, with the exception of gas-sa^ 
comparison to dense fluids, exhibits a dramatic difference in these properties. 



TABLE 1 





VISCOSITY 
mN-s/WI 2 


SURFACE 

TENSION 

(DYNES/CML_ 


COHESION 


REACTION FLUID 


DENSITY 
(g/cm 3 ) 


PARAMETER 

(NlPa 1 *) 

8-12 


"SUPERCRITICAL OZONE 


0.44 


0.03 


0 
_ 


"NTs! 


SUPERCRITICAL NITROGEN 


"033 


"002 




12-22 


SUPERCRITICAL CARBON DIOXIUfc 


0.47 


0.03 


0 


20-22 


LIQUID CARBON DIUMUt 


0.9 


0.07 


5 


N.S. 


GASEOUS CARBON DIOXIDE 


0.003 


<0.01 


<1 


47.9 


WATER 


1.0 


0.89 


72 




. ~~ Densities tor Dense hluidb Given a O.i. 

Viscosities of 03/N2 Estimated based on sim.lar Dense Fluids 
(No Data Available) 

N.S. - No/Minimal Solvency 
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The substrate-contaminant phase is typically solid/semi-solid in nature. It is formed 
by the substrate having an unwanted substances) (/.*, ion implanted organic photoresist) 

contained on its surface. 

The reaction interphase is a substantially nonaqueous dense fluid medium within 
which reactants, and in some embodiments, reaction modifiers, such as carbonates, oxidation 
catalysts, and phase transfer catalysts flow into, and reaction by-products (reacted 
contaminants) flow out of. Reaction modifiers are used to accelerate or retard the dense fluid 
oxidation reaction. The reaction interphase is a boundary film, of variable thickness 
depending upon the reaction rate (reactivity and selectivity) desired, within which the. 
unwanted contaminant contained on the surface of the substrate is selectively contacted and 
reacted to produce a separation between the wafer and the contaminant through supercritical 
oxidative degradation, as well as permeation, shear, and solubilization. 

The reaction feed solvent phase is a bulk solvent phase, typically present in much 
greater volume than the other phases. The reaction feed solvent phase delivers a mixture of 
reactants, and in some embodiments, reaction modifiers. In one embodiment of the inventive 
method the reaction feed solvent phase is an interacting solvent phase - that is it is generally 
heterogeneous with the reaction interphase. In an alternative embodiment, the reaction feed 
solvent phase is a non-interacting solvent phase. Reactants contained within the reaction feed 
solvent phase are selectively concentrated within the reaction interphase through adjustment 
20 of reactant feed concentrations, pressure and temperature. Moreover, the substrate may be 
selectively contacted within the reactor vessel to be in both the aqueous phase mixture and 
the non-aqueous phase mixture (semi-aqueous processes). 

The difference in physicochemical properties is exploited to create the reaction 
interphase and the reaction feed solvent phase. These interphases favor reactants and reaction 
by-products differently. Additionally, the differences in viscosities between dense fluids and 
water provide different substrate surface interlayer shearing and reactant interlayer transport - 
both higher in the reaction interphase. Exploiting the differences between various dense 
fluids and water provides a variable geometry reaction environment - wherein selectivity for 
a particular contaminant on a substrate and transport of reacted contaminant away from the 

30 substrate may be optimized. 

Moreover, interphase differences between the reaction interphase and the reaction 
feed solvent phase are used in the present invention to provide improved drying (dewetting) 
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of a substrate following aqueous processes and improved small surface particle removal. The 
reaction interphase (containing the dense fluid) promotes separation of the reaction feed 
solvent (containing the water) from the substrate as the reaction mixture is drained away from 
the substrate. 

■ Fig. 2 describes the surface free energies for the three phases. Surface free energy or 
surface tension (S .T.) for reaction interphase fluids 24 are much lower than conventional 
ozonated processes using water. The presence of low surface free energy between the 
substrate-contaminant phase 22 and reaction feed solvent phase 26 provides an environment 
for rapid wetting (cleaning) or dewetting (drying) of the substrate. It is a feature of the 
invention that the interfacial free energy can be altered to favor concentration of low surface 
tension reactants such as supercritical ozone - which favors high reactivity and reaction rates 
in contact with the contaminant 28. In contrast, higher surface free energy within the reaction 
feed solvent phase 26 favor concentration of by-products. The reaction interphase favors 
reactants 1 1 8, such as supercritical ozone, while the reaction feed solvent favors by-products 
120 of the dense fluid ozonation process. Using various reaction solvents, a spectrum of 
surface free energies can be produced for a given cleaning application. 

Fig. 3 describes the cohesion energy values for the three phases in relation to 
penetration and swell of organic contaminants on the substrates. As shown in the figure, 
matching cohesion energy content of the reaction interphase 24 to be close to the contammant 
28 permits the reactants to penetrate and swell the contaminant 28. Swelling enhances the 
permeation of supercritical ozone 122 into the subsurface of the contaminant 28. By contrast, 
large differences between the reaction interphase 'fluids 24 and the contaminant 28 decrease 
penetration of supercritical ozone 124 into the subsurface of the contaminant 28. It is a 
feature of the inventive method, that the rate at which dense fluid ozonation reactions proceed 
at the reaction interphase 24 can be controlled. For example, an aqueous reaction feed 
solvent phase 126 has much higher cohesion energy than the reaction interphase 24. By 
contrast, a non-aqueous reaction feed solvent phase 128 has much lower cohesion energy as 
compared to the solid phase 28. Therefore, the choice of aqueous/semi-aqueous reaction feed 
solvents versus non-aqueous reaction feed solvents can be used to control the rate of reacUon. 

Fig. 4 describes reaction interphase and reaction feed solvent behavior in relation to 
cohesion energy. It is a feature of the inventive method that the cohesion energy of the 
phases can be altered to provide optimum conditions for increasing reactant flux 1 34 into the 



WO 02/11191 



PCT/USOl/24185 



11 



reaction interphase 24 and increasing by-product flux 136^ 
26 Under this condition, the reactants concentrate at the substrate-contaminant 
phase/reaction interphase boundary and react with the organic contaminant 28. Altermg the 
reaction feed solvent 26 cohesion energy provides regulation of the reaction interphase 24 
5 reactions. Non-aqueous reaction feed solvents 138 solubUize some alcohols and most 

hydrocarbons. Semi-aqueous reaction feed solvents 140 solubilize most alcohols, some salts 
and some hydrocarbon, Aqueous reaction feed solvents 142 solubilize most alcohols and 
most salts. As such, reaction interphase 24 canbe engineered to be more or less miscible 
with reactants and by-products, which controls reaction rates. Likewise, reaction feed 
10 solvents26canbeselectedon^ 

products. Optimum cohesion energy values for reaction mixtures using the present mventron 
fall within the semi-aqueous range 140 -havrngmiscibihty with most of the by-products, 
such as salts and water, yet having limited solubility for the dense fluid reactants. 

The overall cleaning process involves the oxidation of organic and morgamc 

,S eontaniinantspre^ 

Dissolved salts and metals released during cleaning are typically precipitated as sohds and 
filtered from the dense fluids. Fig. 5 A shows components of the substrate-contaminant 
phase 22. The substrate comprises a polysilicon semiconductor wafer 54 having a front 
patterned surface 56 and a back unpatterned surface (not shown). The pattern comprise 

20 varioustopograpmcdfea«^ 

integers of silicon, metals, and other chemical compounds at the base ofthe via 60 and on 

photoresist layer 28 ca ^in»^«™?^^**^' a " 
It is an advantage of the inventive process that it effectively removes ofthe resist from the 
25 wafer without damaging critical wafer surface and via sidewall interlayers. 

Fig 5B is a flow diagram ofthe inventive process. The entire process is performed, 
inahigh-pressure reactor vessel(not shown), which is bounded by stainless steel barriers 40. 
0*^42, carbon dioxide 44,nitrogen 46 and a deionized water feed phase are mixed from 
outside the high-pressure reaction vessel or within a high-pressure barrier (not shown) 
30 containing the contaminated substrate 22. 

Illustrated in FIG. 5B are the three phases, to sul^e-contantinant phase 22, tha 
rsacdon interphase 24. and the reacnon feed solvent phase'26. Also shovm ate the t™,. 
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interfacial boundaries, the substrate-contaminant phase/reaction interphase boundary and a 
reaction interphase/reaction feed solvent phase boundary. 

Treating substrates with supercritical ozone alone with other dense fluids under near- 
critical or supercritical conditions, and specifically in mixed phase treatments under the 
present invention, affords opportunities to manipulate the reaction environment (interphase 
solvent properties) by manipulating pressure, temperature, and phases present, to enhance 
solubility of reactants and products, to eliminate interphase transport limitations on reaction 
rates and to integrate reaction, separation, rinsing and drying operations. Moreover, near 
critical and supercritical ozone treatments of the present invention affords much improved 
selectivity by altering the physicochemistry of interphase constituents intimate with the 
substrate surface. 

The reaction feed solvent phase 26 is controlled using pressure, temperature, and 
chemical modification to exhibit selectivity and reactivity for a particular contaminant 28, for 
example, polymethylmethacrylate (PMM), contained on the substrate 22. 

Through the control of pressure, temperature, agitation, and phase mixture chemistry, 
the reaction interphase 30 is controlled to exhibit variable geometry, including cohesion 
chemistry, viscosity, surface tension, pH, density, and fluid shear. This creates a reactant 
concentration gradient 32 across the reaction interphase/reaction feed solvent phase boundary 
34. The reaction modifiers, such as carbonates, peroxides, and acetic acid, present in the 
reaction feed solvent phase 26 are selectivity solubilized or transported 38 into the reaction 
interphase 24. Reaction by-products, such as carbon dioxide, water solubilized partial 
degradation products, and salts are extracted 36 from the reaction interphase 24 into the 

reaction feed solvent phase 26. 

The primary reactant of the present invention is supercritical ozone. The O, H0 2 % 
and HO- free radicals generated during supercritical ozone decomposition are produced 
rapidly and serve as very potent oxidants in cleaning operations of the present invention. 
Ozone has an oxidation potential of -2.07V - far higher than most organic and inorganic 
contaminants present on substrates. Moreover, supercritical ozone is much more dense than 
ozone gas and die solvent power (solubility chemistry) of supercritical ozone is much greater 
and variable as compared to ozone in gas phase. As such, supercritical ozone has 'solvent- 
like' and 'gas-like' chemistry -having no surface tension but delivering concentrated 
oxidation chemistry directly into intimate contact with the substrate-contaminant phase. 
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Supercritical ozone acts by direct or indirect oxidation, by ozonation or by catalysis. 
The three major reaction pathways occur as follows: (1) by direct oxidation reactions of 
supercritical ozone, resulting from the action of an atom of oxygen, are typical first order 
high redox potential reactions; (2) by indirect oxidation reactions of ozone, the ozone 
5 molecule decomposes to form free radicals (OH-) which oxidize organic and inorganic 
compounds; and (3) by ozonolysis, that is, by fixing the complete molecule on the double 
linked atoms (double bonds), producing two simple molecules with differing properties and 
molecular characteristics. 

Fig. 6 describes the effect upon contaminants in contact with carbon dioxide-water 
10 mixtures due to differences in cohesion energy. The figure shows that the cohesion energy 
for water can be dramatically altered using an interacting solvent feed phase component such 
as carbon dioxide. Carbon dioxide under pressure forms lewis acid-base complexes and 
carbonic acid. These strong interactions greatly reduce the overall cohesion energy of water 
130. These same interactions are partly responsible for lowering the surface.tension of water 
1 5 as well. By contrast, supercritical nitrogen does not appreciably lower cohesion energy of 
water 132. It is a feature of the inventive method that carbon dioxide and/or nitrogen can be 
selectively used to alter the cohesion energy of aqueous reaction feed solvent phases 26. This 
capability provides different cohesion energies for the reaction interphase 24, contaminant 
28, and substrate 22. 

20 In some embodiments, the deionized water also contains supercritical or liquid carbon 

dioxide. Table 2 gives surface tension values for water saturated with carbon dioxide at 
various temperatures at the critical pressure for carbon dioxide. Extrapolating known surface 
tension data for carbon dioxide saturated water shows that the surface tension for water is 
lowered significantly (from 72 dynes/cm to 1 5 dynes/cm). This property is exploited to 

25 modify the reaction interphase/reaction feed solvent phase boundary. 



TABLE 2 



REACTION FEED FLUID 
(H 2 0/C0 2 ) 

CHARACTERISTICS AT 
VARIOUS TEMPERATURES (C) 
AND 73 ATM. 


SURFACE TENSION 
(DYNES/CM) 


C0 2 SOLUBILITY 
(WEIGHT 0 /.) 


15 


15 


12 
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30 


28 . 


9 


40 


36 


7 



Some embodiments of the dense phase oxidation reaction include small amounts of 
reaction modifiers. Suitable reaction modifiers include oxidation catalysts such as hydrogen 
peroxide and acetic acid, which are added to enhance supercritical ozonation reactions or to 
5 serve as phase transfer catalysts, which enhance solubility of, and reactions of supercritical 
ozone within, the reaction interphase. 

The addition of hydrogen peroxide increases reactivity in some substrate cleaning 
applications. Without wishing to be bound by a theory of the invention, it is believed that 
this is due to the following reaction mechanism: 
10 0 + H 2 0 2 »>OH« + H0 2 

The selective solubility of hydrogen peroxide from the reaction feed solvent phase and into 
the reaction interphase adjacent to and in contact with the substrate-contaminant phase 
increases OH* free radical formation within the reaction interphase. 

Fig. 7 describes the effect of hydrogen peroxide. As shown in the figure, increasing 
1 5 hydrogen peroxide concentration in the reaction feed solvent 26 increases hydroxyl radical 
formation with supercritical ozone 1 54. Increasing hydrogen peroxide concentration also 
increases its concentration 156 within the reaction interphase 24 through selective solubUity 
within the dense fluid(s). As such, varying the hydrogen peroxide concentration 1 58 up to 
35%, preferably in a range of from 0. 1 % to 5% by volume within the reaction feed solvent 
20 26 varies the concentration of hydrogen peroxide within the reaction interphase 24 and, in 
turn, the concentration of hydrogen peroxide in contact with the contaminant 28. Lowering 
the pH further increases the selectivity of hydrogen peroxide with respect to direct oxidation 

of the contaminant 28. 

Fig.'s 8A-C illustrate reactions and reaction mechanisms for the use of supercritical 
25 ozone on a contaminated wafer. The entire process is performed in a high-pressure reactor 
vessel (not shown). Reactants 68 are continuously fed into the reactor during which waste 
feed solvent waste 70 containing reaction by-products is continuously extracted from the 
reactor. As shown in Fig. 8 A, the reaction feed solvent phase is formed by injecting ozone 
into deionized water, heating to a temperature as high as 3 00° C, preferably in a range of 
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between 5° C and 100° C, and fluidizing to a pressure as high as 400 atm, preferably in a 
range of between 20 atm and 200 atm. 

Fig. 9 describes the effect of reaction pH. As shown in the figure, reaction feed 
solvent phase pH 26 can be controlled to be relatively neutral 144 at a pH of approximately 8 
to relatively acidic 146 at a pH of 5 or lower using carbon dioxide or nitrogen as the reaction 
feed solvent phase component with water 148. A pH of 7 to 8 favors oxidation of the 
substrate-contaminant phase 22 and specifically the organic contaminant 28 through selective 
oxidation by hydroxyl radicals 1 50 within the reaction interphase 24. By contrast, lower pH 
values favor oxidation of the contaminant 28 through direct oxidation by the near-critical or 
supercritical ozone molecule 1 52 within the reaction interphase 24. Carbon dioxide 
significantly lowers and buffers the pH of the reaction interphase 24 and reaction feed solvent 
26. Nitrogen does not exhibit this characteristic. Acetic acid may be added into.the reaction 
feed solvent to lower and buffer reaction pH and, like carbon dioxide, will be present at some 
concentration within the reaction interphase through selective solubility. 

The pH of the reaction solvent is preferably less than 7 to promote carbonic acid 
formation. Carbonate ions (CO 3 2 0 promote decomposition through the scavenging of 
hydroxyl ions (Off) produced during supercritical ozone reaction with water (H 2 0). 
Moreover, carbonated water (carbonic acid) serves as a buffering medium - controlling the 
pH between 7 and 10 and thus preventing the formation of highly acidic or alkaline reaction 
products, which may attack substrate metalization. Also, within this pH range supercritical 
ozone reactions are optimized. 

Under these conditions, a reaction solvent comprising water, supercritical ozone, and 
supercritical carbon dioxide and carbonic acid is formed. As shown in FIG. 8B, .the 
supercritical ozone 64 selectively concentrates within the reaction interphase 24 and 
solubilizes the organic resist layer 28. The solubilized resist is then transported from the 
substrate 66 and into the reaction feed solvent phase 26. Fig. 8C shows the cleaned wafer 
via 28b without resist present. 

Fig.'s 10A-C illustrate various reaction interphases and selective contact of the 
substrate-contaminant with the reaction phase. Substrates containing contaminants may be 
cleaned using the present invention with the substrate completely immersed in the reaction 
solution or maintained within a spray of the reaction solvent phase only. 
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Moreover, the substrate can be processed in aqueous/semi-aqueous solutions 166, 
non-aqueous solutions 168, and homogeneous non-aqueous solutions 170. The chemistry of 
supercritical ozone reactions are different in aqueous and nonaqueous phases. In nonaqueous 
phases, the ozone molecule will react directly with the organic contaminant (ozonolysis) - 
forming ozonides as intermediate products. Moreover, metallic salts present on the substrate 
or contained within the contaminant are readily removed as hydroxides or oxides when the 
feed phase in nonaqueous. 

The aqueous 1 66 and non-aqueous 168 phase combinations have a wafer substrate 
coated with a resist 172 mounted on a rotating base 174, which spins the wafer in a clockwise 
or counterclockwise direction 176. A spray manifold 178 located above the rotating wafer 
172 delivers the reaction solvent 180 over the rotating substrate 172. Pressure, temperature 
and phase mixture composition is controlled to provide three types of phase contact 
combinations as follows: 1. A spray only application 182 with the reaction solvent feed 
phase level 1 84 located below the rotating wafer, 2. A spray/immersion application 1 86 with 
the liquid phase 188 level located near the middle of the rotating wafer 172, and 3. An 
immersion application 190 with the rotating wafer 172 completely immersed 192 within the 
liquid phase. During application of the reaction solvent feed 200 in combination with the 
removal of spent reactant wastes 202 contained in the reaction feed solvent, the rotating 
wafer 172 continues to spin at a rate of between 2 and 200 RPM to provide mechanical 
shearing energy. The non-aqueous phase combinations also provide control of selectivity and 
reactivity 204 through stoichiometric delivery of liquid phase carbon dioxide and near- 
critical/supercritical ozone and selective substrate contact as above. 

As seen in FIG. 10C, the homogeneous phase combination 170 is essentially a 
uniform phase comprising near-critical or supercritical ozone in combination with a bulk 
supercritical fluid such as carbon dioxide or nitrogen. Application of the reactant feed to the 
substrate is essentially the same as immersion phase applications described above. 

Another embodiment of the present invention provides a mechanism for drying the 
substrates following cleaning operations. Wetting and de-wetting (drying) a substrate 
depends upon the following factors: 

S.T. solid >S.T. liquid - wetting occurs 
S.T. liquid > S.T. solid - wetting does not occur (de-wetting) 



WO 02/11191 



PCT/US01/24185 



17 

Dense carbon dioxide present during the ozone reaction phase is used to de-wet or dry the 
substrate following supercritical ozone treatment. The reaction solvent is modified so that it 
contains dense carbon dioxide, but not ozone or water. The modified reaction solvent is 
applied during draining of carbonated/ozonated water from the reaction chamber under 
isothermal and isobaric conditions. Dense carbon dioxide present at the substrate-dense fluid 
interphase has much lower surface tension than the substrate (solid phase) and water (liquid 
phase) - preventing condensation of water vapor onto substrate surfaces during draining. 
This is done through displacement of water from the substrate as the fluid mixture recedes 
from the substrate. Dense phase carbon dioxide is preferred due to its lower surface tension 
as compared to water and substrate. Following the initial drain and the gross drying, dry 
carbon dioxide under supercritical fluid or liquid state conditions is used as a precision drying 
agent to remove trace amounts of absorbed moisture from the substrate. 

Fig. 1 1 illustrates a dense fluid oxidation cleaning and drying system schematic with 
integrated fluids processing and management system. Carbon dioxide, nitrogen, and oxygen 
are all available as bulk liquids or gases and in a variety of chemical purity levels. Deionized 
water is typical made on-site from tap water using ion exchange media technology. Using 
pressure and temperature control, carbon dioxide can be used as a gas, liquid or supercritical 
fluid phase solvent. Nitrogen can be used as a gas or supercritical fluid phase solvent Ozone 
can be created ex-situ or in-situ using a conventional oxygen-fed silent discharge ozone 
generator and can be used as a near-critical or supercritical phase solvent. Moreover, the 
present invention provides unique devices for generating supercritical ozone in-situ using a 
blend of carbon dioxide, nitrogen and oxygen under supercritical conditions. In addition, 
ozone can be created ex-situ and delivered with carbon dioxide and/or nitrogen into the 
reaction chamber using carbonated deionized water as a feed solvent. 

The apparatus for performing the present invention has a stainless steel high pressure 
vessel or reactor 206 which includes a quick closure, various inlet and outlet ports to receive 
and discharge fluids and incorporates liquid level, pressure, and temperature sensors to 
manage fluid environment conditions (all not shown). In addition, the reactor 206 is 
integrated with a heating system 208 and cooling system 21 0 to control internal reactor fluid 
temperature conditions 212. The reactor 206 is also integrated with a magnetic drive shaft 
214, which is integrated through a high-pressure port 216 and attached to an internal rotable 
fixture 218, which contains the substrate (not shown) to be processed in accordance with the 
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present invention. The reactor 206 contains at least one inlet port 220 located at the top of 
the reactor 206 and at least one outlet port 222 located at the bottom of the reactor for 
receiving and discharging the active and spent reaction feed solvent, respectively. The inlet 
port 220 is connected to an internal spray head 224. The fluid flow scheme is represented by 

5 an inlet flow arrow 226 and outlet flow arrow 228. 

The apparatus includes four stainless steel high pressure fluid supply tanks as follows: 
a high pressure tank 230 containing carbon dioxide in liquid, gas, or supercritical state, a high 
pressure tank 232 containing nitrogen gas, a high pressure tank 234 containing liquid 
deionized water (and additives), and a high pressure tank 236 containing oxygen gas. Each 

10 tank described above contains at least one inlet and outlet port for receiving and discharging 
fluids. 

The carbon dioxide supply tank 230 contains an inlet valve 238 and inlet feed line 
240, an outlet valve 242 and outlet feed line 244 and a vent valve 246 and vent line 248. 
Carbon dioxide from a bulk supply is fed through inlet valve 238 and line 240 into the supply 

15 tank 230. Lighter gases such as nitrogen and oxygen accumulated in the recycled carbon 
dioxide supply during dense fluid oxidation processes of the present invention are 
periodically vented through the vent line 248 and valve 238. The carbon dioxide supply tank 
outlet line extends into the lower hemisphere of the tank 250 so that when a liquid phase is 
present in the tank, it may be withdrawn from the tank. Also attached to the carbon dioxide 

20 supply is a heater system 252 for heating carbon dioxide fluid to supercritical temperatures 
and a chiller system 254 for cooling carbon dioxide fluid to below supercritical temperature. 
The carbon dioxide supply tank has a recycle inlet port and inlet feed line 256, which is 
connected to an inlet valve 258 for receiving a recycled carbon dioxide. The carbon dioxide 
supply tank 230 contains pressure and temperature sensors (both not shown) to monitor fluid 

25 feed properties. 

The nitrogen gas supply tank 232 contains an inlet valve 260 and inlet feed line 262, 
an outlet valve 264, and outlet feed line 268. Nitrogen from a bulk supply is fed through inlet 
valve 260 and line 262 into the supply tank 232. The nitrogen gas supply tank 232 contains 
pressure and temperature sensors (both not shown) to monitor fluid feed properties. 

30 The deionized water supply tank 234 contains an inlet valve 270 and inlet feed line 

272, an outlet valve 274, and outlet feed line 276. Deionized water from an external supply 
source is fed through inlet valve 270 and line 272 into the supply tank 234. The deionized 
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water supply tank outlet line extends into the lower hemisphere of the tank 278 so that it may 
be withdrawn from the tank. The deionized water supply tank 234 also contains a heating 
system 280, which heats the deionized water to the desired reactor fluid inlet temperature and 
also contains pressure and temperature sensors (both not shown) to monitor fluid feed 
5 properties. 

The oxygen gas supply tank 236 contains an inlet valve 282 and inlet feed line 284, an 
outlet valve 286 and outlet feed line 288. Oxygen from a bulk supply is fed through inlet 
valve 282 and line 284 into the supply tank 236. The oxygen gas supply tank 236 contains 
pressure and temperature sensors (both not shown) to monitor fluid feed properties. 
10 The apparatus contains an additive injection system 290 which meters controlled 

quantities of reaction modifiers (i.e., hydrogen peroxide, acetic acid) through feed line 292, 
feed valve 294 and into the deionized water supply tank 234 through feed valve 270 and inlet 
line 272. 

The apparatus contains a fluid phase separator 296 which receives spent reactor fluid 

1 5 through inlet line 298, pressure regulator 300, and waste fluid valve 302 from reactor outlet 
port 220 and outlet line 304. The phase separator 296 contains a vent/recycle gas port and 
line 306, which delivers separated gases (CO2/N2/O2) from spent reactor liquid phase (i.e., 
deionized water/additives) within the separator interior 308. An ultrasonic transducer 309 is 
affixed to the separator 296, which is used to sonicate the spent reactor fluid mixture to assist 

20 in degassing the liquid phase. Separated gases flow through vent valve 3 10 and vent pressure 
regulator 312 and are vented to the atmosphere. Alternatively, separated gases flow through 
recycle valve 258 and line 256 and into the carbon dioxide storage tank 230. Lighter gases 
such as oxygen and nitrogen are vented from the carbon dioxide storage tank 230 through 
vent valve 246 and line 248. Spent reactor liquid phase which has been separated from the 

25 gas phases flows through drain line 314 and flows through recycle line 316, filter element 
318, inlet valve 270, inlet line 272 and into deionized water storage tank 280 for reuse. When 
recycling reactor fluid is not desirable, spent reactor liquid water flows through drain line 
314, through drain valve 320 and drain line 322 into a suitable process waste receiver 324. 
Finally, the apparatus contains a series of gas phase and liquid phase feed lines from 

30 the various outlets of the storage tanks described above and which are connected to a 
common inlet port 220 into the reactor 206. The outlet line 244 from the carbon dioxide 
storage tank 230 is connected to outlet line 326 and booster pump 328 through filter element 
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330 and into reactor 206 via inlet port 220. The outlet line 268 from the nitrogen supply tank 
232 is connected to outlet line 332 and connected to gas pressure booster pump 328 through 
filter element 330 and into reactor 206 via inlet port 220. The outlet line 276 from the 
deionized water storage tank is connected to outlet line 334, ozone injector/mbcer 335, and 
5 connected to liquid pressure booster pump 336 through filter element 330 and into reactor 
206 via inlet port 220. The outlet line 288 from the oxygen storage tank 236 is connected to 
outlet line 338 through gas pressure regulator 340, into ozone generator 342, into liquid phase 
injector/mixer 335, into liquid pressure booster pump 336 through filter element 330 and into 

reactor 206 via inlet port 220. 

10 Carbon dioxide and nitrogen gas may be blended with the oxygen feed source into the 

ozone generator 342 to provide dense fluid admixturing prior to generating near-critical or 
supercritical ozone. Carbon dioxide gas flows through outlet line 244 from the carbon 
dioxide storage tank 230, through valve 242, blending feed line 344, carbon dioxide blendmg 
regulator 346 and into the oxygen feed gas line 338. Nitrogen gas flows through outlet line 

1 5 268 from the nitrogen gas storage tank 232, through valve 264, blending feed line 348, 
nitrogen-blending regulator 350, and into the oxygen feed gas line 338. 

Fig.'s 12A and B illustrate a high-pressure stainless steel vessel 206, which contains a 
heating jacket 208 and cooling jacket 210 on the exterior surface to vary internal reactor 
temperature 212. Within the pressure reactor is a rotable fixture or drum 218, which contams 

20 the substrates 352. 

The reactor features two hemispheres, an upper hemisphere and a lower hemisphere. 
Reactant solvent 354 is fed into the upper hemisphere via inlet port 220 and through a 
manifold containing numerous spray nozzles 224. Reaction solvent sprays 356 over the 
rotating (or stationary) patterned wafer 358 using an external magnetic drive 214 coupled 
25 throughmereactor206andaffkedtomerotablefixture2 

Spent reactor fluids are collected at the lower hemisphere oudet port 222 and withdrawn from 
the reactor for recovery or disposal. Liquid level, pressure, and temperature sensors (all not 
shown) are used to control the physicochemistry of the reaction environment 

As illustrated in Fig. 12B, the reactor may be any orientation (vertical to horizontal) 
30 as shownby arrow 360. Moreover, a quick opening and closing door 362 is sealed against 
the opening face 364 to the reactor 206 as shown by arrow 366. 
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ozonaieu ^ . cylindrical stainless steel high- 

catalyzed supercritical ozone generator. The devrce has a cyunor 

Z m «« cazhon dioxide gas and oxygen gaa 374 is fed into the ozone generator « 
fluid oxidation cleaning and drying system (Fig. , f „ H ™rt220 
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Lrgetan.be dense flnid ozonator* fedinto reactor206 (as — »* 11)viainkt 

feed port 220. . ... 

Fig ,3C ill— a deviee .hat features ozone-gas injection ut.0 water wt<h a 

stainless s^l Ugh-pressnre tobe 410, which contains an inner steflc nnxmg devt« 4,2. 
o.negas^a.apressnreofbetween.^dSahn.nda.aconcen^onofhe^/.and 

«o J. — -*-—-«»• A nnx M eofde i on to dwa.erandad* n vcs420 

^IpreLof^.^B^anin.e.po^-P^^^ 

LofJozonatorwhe^^o^gas^andddon^waterand^^™ 

Zid pmsL-boosung pnntp 426, wherein ft. mixture is compressed to n^-cnhca! r 
^Lcrttic, pressures 428 as shown The supcroriUcal o^ne-wator mixture 430 is fed on, of 
Z booster pLtp 426 through a discharge port 432. The feed mixnM for the dense flmd 

^ngsy.emfFig.lDviaozonefcadUne 338 anddcionized water feed Une 34 The 
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Having dans described Ore components and functions of the dense fluid ozonanon 
^ion of an cleaning process (partented waferc) employing said devtces and 
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362(Fig..2)andsaa 1 ed366(Fig.l2). The wafers are spnn 436 a, a rate of 75 tpn, Dunng 
w mis steottte reactor containing die spinning waters is flnidtzed 438. 
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- 234,andp re heatodnsingtonKheate,2g0toatemperan B eof40.C,ispumpcdus»g 
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liquid booster pump 336 from the water tank through opened feed valve 274, delivery line 
276 and delivery line 334 to the ozone injector/mixer 335. Oxygen gas contained in oxygen 
gas storage tank 236 is fed through opened feed valve 286, delivery line 288, delivery line 
338 and through gas pressure regulator 340 into the ozone generator 342 and into the ozone 
> injector/mixer. Nitrogen gas is fed into the oxygen gas prior to entering the ozone generator 
342 by opening feed valve 264 whereupon nitrogen gas is injected into the oxygen gas usmg 
pressure regulator 350 as required to provide the proper mixing ratio of nitrogen in oxygen. 
As such an ozonated mixture comprising ozone and nitrogen gas is fed into ozone 

injector/mker35^ 
0 isfcenfedmtotheimetofl^^ 

through feed line 332 and into gas booster pump 328. The aqueous ozonated mature is 
pressurized with the nitrogen gas and fed into the reactor 206 through .actor inlet 220 and 
filter element 330. The pressurized mixture enters the reactor through internal spray 
m amfold224andissprayedovermerotatingpatternedwafer S . During this operate the 

line 304 and is fed through a backpressure control regulator 300. By controlling the gas 
booster pump 328 feed rate, liquid pressure booster pump 336 feed rate and back pressure 
regulator 300, the internal reactor pressure is maintained at the desired fluidizing pressure, ,s 
this example 40 atm. Under these conditions, the wafers are contacted with a rmxture of 
20 supercritical ozone, supercritical nitrogen, and deionized water. 

RetumingtoFig. 14 A, the patterned wafers are centrifugal spray rinsed and reacted 
440 with the dense fluid ozonated mixture for a predetermined contact time of between 5 and : 
60 minutes at a reactor temperature of 40° C and a reactor pressure of 40 atm. Thereactant 
feed mixture is continuously applied 442 and withdrawn 444 from the reactor and exchanged 
25 with the process fluids management system 446. 

As seen in Fig. 1 1- the spent reaction fluid is fed from the reactor 206 through the 
opened drain valve 302, through pressure regulator 300, through waste drain line 298 and mto 
the separator 296, whereupon the mixture of spent reaction fluid is separated into gas and 
deionized water. The gas fraction is vented to the atmosphere through vent valve 3 1 0 and 
30 vent P ressureregulator312. The Uquid.phase fraction containing oxidized wafer substrate 
eontaminants is discharged through separator drain valve 320 and separator drain line 322 to 
an appropriate facilities process drain 324. 
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Reusing * Fig. 14A, Mowing a predetermined contact period, which may include 

gaining dense fluid 464 from the reacter and into the process fluids management system 

446, described as follows. 

AsseeninFig. U, the waste/recycle drain valve 302 is opened and the mnrture of 
supercritical carhon dioxide and residua! dissolved water is drained ftom tee reactor 206 v,a 
drtta 304andftroughregu W o,300, re gula,e4d^lme29 8 andm,ote P ta 

3 W or i, may he cleaned and recycled back into the carbon dioxide storage tank 230 through 
K cycle valve 258 and recycle feed inlet hue 256 using a suitebte booster pump and gas 
aerosol stripping system (both not shown). 

As seon in Fig. 14A, the process is now complete and Are cleaned wafers axe despun 

466 ' Fig MBdescrihesnrepmcaasdynamics. The reaction feed fluids 468 are introduced 
tough the spray manifold 470 and sprayed 472 over the rotating wafer substrates 474 
Mow This produces a stream of distinct interphases of dense fluid reactants and water 
a^^tta*-*-***-** The reaction interphase 476 enmpnas 
supercritical ozone and supercritical nitrogen and the reaction fend solvent phase 478 
, comprises deiotezed water. The reacted mixtere 480 iscontained a, thebottom d tt. reacter 
and is withdrawn through tee outlet port 482 and flows into tee phase separator 484. 



RXAMPLES 

Kxam ple 1 



le l . 
Fig ^^vesanexampledensefluidoxidahonproccssofteepresen.mvennonuamg 

^superoridcalc.bondioxideandsupercriricalo.one. In this example, the reactor* 
fluidized with deionized water conteining ozone at a concentration of between 0.5 A and 
6 0% by volume 74 and is teen fluidized with carbon dioxide 76 at a reactor temperature of 

Under these cenditions, tee substeate and cnntemlnan, phase 22 is contented w* a 
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Tte supercritical casbon dioxide compear 80 p^ and swells the resist layer 28 
aUowingfte^rcriricalozonet.p^andoxitotheswftces.dsubswface 
smJLly. rcactionby-products 81 such ^a«er arc t^por^ ln to *e^ feed 
.h-^-* Caruondioxidetaedatu.ercacuousiteisnuidi.edaudardsururede.e 
fluid ozonation reaction as above. Reaction by-prcducts are carried from the reaction 

74 and carbon dioxide gas 76. 

"■""S 16 *« - example dense fluid oxidation process of tbe present invention using 
wi m deionizedv«eacon tt in m go^a,aconee n tiatio.ofbe^n0. 5 %and^O/aby 
vota me 84 and is then fluidized with nitrogen 86 at a reactor temperature of 40 Cand 
prcasurcof 60 atin. fbe supercritical niwg™ phase concentiation is controlled through 
sttichiometric blending of ozonated deionized water and nitrogen. 

Under tee conditions, the substinte and «mhuninan« pbase 22 is contacted wth a 

M percritica 1 n iTO genoo m pon m . 9 Opennea t esaod S w.U ste rcs iS .laye I 28.boweverata 

differcnt rate ton supercritical earbou dioxide due to lower so.Veuey and less nation 
^te-aolidpnaae. Reaction by-products 91 such as carbon dioxide water arc transported 
tatot her=actionfeedsolven.phase26. Cazban dioxide formed « ft. reaction artets 
fluidized and aids in the dense fluid ozonation reaction as above. Reaction by-products are 
^ed fi omnaereaetionin^24=ndn m ,*ercao to r92byrcmov m gu,ewas« 

^„nf^solven,26^co«^t B o r ba^opert^nvdnan«s i »ul^uarc^ 
25 of6eshreactionfeedsolvent84andnitrogen86. 

,7 gives anexample denso fluid oxidation process of.be present invention using 
^er, li^d ossbon dioxide and supercritica! ozone with a modifier 
addedtlereactionfeed solvent In mis example, me rcactor is fimdrzedwrthdemmzed 

fl^ididwim carbondioxide* at a reactor tempered of 28 C and prcssurc of 60atin. 
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The P H and supercritical carbon dioxide phase concentration is controlled through 
stoichiometricblendingofozonateddeionized water, carbon dioxide and hydrogen peroxide. 

Under these conditions, the substrate and contaminant phase 22 is contacted with a 
reaction interphase 24 comprising supercritical ozone 98, liquid carbon dioxide 100 and a 
5 smallamountofdissolvedhydrogenperoxidelO^Thesupercriticdcarbontade 

components permeates and swells the resist layer 28 aUowing the supercritical o Z one98to 
penetrate and oxidize the surface and subsurface 28 simultaneously. Hydrogen peroxide 102 

promotesmereactionth^ fc 
ma ny organic contaminants. Reaction by-products 104 such as water are transported into the 
10 reactionfeedsolventphase26. Carbon dioxide formed at the reaction site is Mdized and 
aidsinthedensefluidozonationreactionasabove. Reaction by-products are carried from 

thereactioninterphase24andfrom . . 

solvent under continuous or batch operation with the simultaneous recharge of fresh reactum 

feed solvent 94 and carbon dioxide gas 96. 
15 Example 4 

Fig 1 8 gives an example dense fluid oxidation process of the present mvenUon usmg 
Uquidcarbondioxide and supercritical ozone. fa tins example, the reactor is fluidized with a 
nnxtureofliqmdcarbondioxidecontainmgsupe^ 

0 5% and 6.0% by volume 108 at a reactor temperature of 25 C and pressure of 65 atm. The 
20 liquid carbon dioxide/ozone phase concentration is controlled through stoichiometric 
blending of ozonated carbon dioxide gas under the same pressure as its liquid (phase 
equilibrium line). 

Under.heseconmrions.tasobsu^ 

homogeneous reaction Wen-base 24 comprising supetcririeal ozone 1 10 and liquid carbon 
25 dioxideU2. The liquid carton dioxide conmonem 112 permeates and swells me - layer 

28 M a^tm^^*^^<^* w ***** m '* 
penetrate and oxidize me surface and subsurface simultaneously. Reaction by-products 114 
suchas water .renanaported into the .actton feed solvent phase 26. Carbon dioxide formed 
a, the reacrion site is fluidized and aids to the dense Suid ozonation teacrion as above. 
30 Reacrion by-product are .tarried from the reacrion interphase 24 and tan the reactor 116 by 
removing the waste reacrion feed solvent 26 under oonttauooa or batch operation wtththe 
simultaneous rechaige of fash reaction feed solvent 108. 
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The invention has been illustrated with regard to a patterned photoresist wafer 
cleaning technique, but it will be recognized that the invention has other applications. Merely 
by way of example, the invention can also be applied to the manufacture of electronic flip 
chip devices (defluxing), medical devices (cleaning and sterilization), processing wafers 
(etching), washing botannical materials (cleaning and sterilizing), and other applications 
requiring high purity wet processing such as steps of rinsing, cleaning, drying, and the like. 
As such, the present invention proposes an advanced dense fluid 'oxidation process for 
treating a variety of substrates including, but not limited to chemical etching of surfaces, 
cleaning substrates, defluxing electronic substrates, disinfecting and sterilizing substrates, 
removing photoresist polymers and particulates from substrates, removing dissolved orgamcs 
and inorganics from spent acids, gross and precision drying of substrates. 

Although the preferred embodiments of the present invention have been shown and 
described, it should be understood that various modifications and rearrangements may be 
resorted to without departing from the scope of the invention as disclosed herein. 
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In the claims: 

1 . A method for treating a substrate comprising: 

treating a substrate with a reaction solvent formed of supercritical ozone in a feed 

phase. 

5 2. The method in accordance with, claim 1 , wherein the feed phase is deionized 

water. 

3 . The method in accordance with claim 1 , wherein the feed phase is 
10 nonaqueous. 

4. The method in accordance with claim 3, wherein the feed phase further 
comprises deionized water. 

15 5 Thememodmaccordancewimclaim3,whereinthefeedph aS ecomprises 

supercritical carbon dioxide, liquid carbon dioxide, supercritical nitrogen or combinations 
thereof. 

6. The method in accordance with claim 1, wherein the reaction solvent further 
20 comprises a reaction modifier. 

7. The method in accordance with claim 6, wherein the reaction modifier is an 
oxidation catalyst or a phase transfer catalyst. 

25 8. The method in accordance with claim 6, wherein the reaction modifier is 

hydrogen peroxide, acetic acid, or a combination thereof. 

9. A method for treating a semiconductor wafer contaminated with photoresist 
residue comprising: 

30 treating a semiconductor wafer contaminated with photoresist residue wuh a reason 

solvent formed of supercritical ozone in a feed phase. 
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10. The method in accordance with claim 9, wherein the feed phase is deionized 

water. 

11. The method in accordance with claim 9, wherein the feed phase is 
5 nonaqueous. 

12. The method in accordance with claim 1 1, wherein the feed phase mrther 
comprises deionized water. 

10 13. The method in accordance with claim 11, wherein the reaction solvent further 

comprises supercritical carbon dioxide, liquid carbon dioxide, supercritical nitrogen or 
combinations thereof. 

14. The method in accordance with claim 9, wherein the reaction solvent further 
1 5 comprises a reaction modifier. 

15. The me&od in accordance wi&d^ 
oxidation catalyst or a phase transfer catalyst. 

20 16. Themethodinaccordancewithclaim 14 wherein the reaction modifier is 

hydrogen peroxide, acetic acid, or a combination thereof. 

17. An apparatus for treating a substrate comprising: 
a high pressure reactor for holding the substrate to be treated; 
25 a fluid inlet into the reactor; 

a fluid outlet out of the reactor; 

a feed source for supercritical or near critical oxygen; 

a feed source for heated water, 

an oxygen source outlet line connecting the oxygen feed source to the mixer; 
30 a mixer operatively connected to the oxygen source outlet line; and 

a deionized water source outlet line connecting the water source to the mixer. 
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18. The apparatus in accordance with claim 17, further comprising a rotable 
fixture for holding the substrate. 

19. The apparatus in accordance with claim 18, further comprising a magnetic 
5 drive shaft for rotating the fixture. 

20. The apparatus in accordance with claim 17, further comprising an internal 
spray head connected to the fluid inlet. 

10 21. The apparatus in accordance with claim 17, further comprising an ozone 

generator operatively connected to the oxygen outlet line. 

22. The apparatus in accordance with claim 17, further comprising a feed source 
for supercritical, near critical or liquid carbon dioxide and a first carbon dioxide source outlet 

15 line connecting the carbon dioxide source with the fluid inlet 

23. The apparatus in accordance with claim 17, further comprising a feed source 
for supercritical, or near critical or liquid carbon dioxide and a second carbon dioxide source 
outlet line connecting the carbon dioxide source with the oxygen source outlet line at a 

20 location between the oxygen source and the ozone generator. 

24. The apparatus in accordance with claim 17 further comprising a feed source 
for supercritical or near critical nitrogen and a first nitrogen source outlet line connecting the 
nitrogen source with the fluid inlet. 



25 



25. The apparatus in accordance with claim 17, further comprising a feed source 
for supercritical, or near critical nitrogen and a second carbon dioxide source outlet line 
connecting the nitrogen source with the oxygen source outlet line at a location between the 
oxygen source and the ozone generator. 



30 
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26. The apparatus in accordance with claim 24, further comprising a feed source 
for supercritical or near critical nitrogen and a first nitrogen source outlet line connecting the 
nitrogen source with the fluid inlet. 

27. The apparatus in accordance with claim 25, further comprising a feed source 
for supercritical or near critical nitrogen and a second carbon dioxide source outlet line 
connecting the nitrogen source with the oxygen source outlet line at a location between the 
oxygen source and the ozone generator. 

28. The apparatus in accordance with claim 17, further comprising a feed source 
for at least one reaction modifier and a reaction modifier feed line connecting the reaction 
modifier feed source to the deionized water feed source. 

29. An apparatus in accordance with claim 17, further comprising a reactor heater 
and a reactor cooler operatively connected to the reactor. 

30. An apparatus for treating a substrate comprising: 

a high pressure reactor for holding the substrate to be treated; 

a fluid inlet into the reactor; 

a fluid outlet out of the reactor; 

a feed source for supercritical or near critical oxygen; 

a first feed source for a dense fluid other than supercritical or near critical oxygen; 
an oxygen outlet line connecting the oxygen feed source to the fluid inlet; and 
a dense fluid outlet line connecting the dense fluid feed source to the fluid inlet. 

31. The apparatus in accordance with claim 30, further comprising a rotable 
fixture for holding the substrate. 



32. The apparatus in accordance with claim 31, further comprising a magnetic 
drive shaft for rotating the fixture. 
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33. The apparatus in accordance with claim 30, further comprising an internal 
spray head connected to the fluid inlet. 

34. The apparatus in accordance with claim 30, further comprising a feed source 
5 for deionized water, a mixer operatively connected to the oxygen outlet line, a deionized 

water feed source outlet line connecting the deionized water feed source to the mixer. 

35. The apparatus in accordance with claim 30, further comprising an ozone 
generator disposed in the oxygen outlet line, the ozone generator in fluid connection with the 

1 0 fluid inlet and the oxygen source. 

36. The apparatus in accordance with claim 30, further comprising a feed source 
for reaction modifiers and a reaction modifier feed line connecting the reaction modifier feed 
source to the deionized water feed source. 

15 

37. The apparatus in accordance with claim 30, further comprising a reactor heater 
and a reactor cooler operatively connected to the reactor. 

38. An apparatus for treating a substrate comprising 

20 a high pressure reactor for holding the substrate to be treated; 

a fluid inlet into the reactor; 

a fluid outlet out of the reactor; 

a feed source for supercritical or near critical oxygen; 

a first feed source for a dense fluid other than supercritical or near critical oxygen; 
25 an oxygen outlet line connecting the oxygen feed source to the fluid inlet; 

an ozone generator operatively connected to the oxygen outlet line; and 
a dense fluid outlet line connecting the dense fluid feed source to the oxygen outlet 
line at a location between the oxygen feed source and ozone generator. 



30 



39. The apparatus in accordance with claim 38, further comprising a rotable 
fixture for holding the substrate 
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40. The apparatus in accordance with claim 39, further comprising a magnetic 
drive shaft for rotating the fixture. 

41 . The apparatus in accordance with claim 38, further comprising an internal 
5 spiay head connected to the fluid inlet. 

42. The apparatus in accordance with claim 38, further comprising a feed source 
for deionized water, a mixer, a deionized water feed source outlet line connecting the 

deionized water feed source to the mixer, and a mixer outlet line connecting the mixer to the 

i, 

10 fluid inlet. 

43 . The apparatus in accordance with claim 38, further comprising a feed source 
for reaction modifiers and a reaction modifier feed line connecting the reaction modifier feed 
source to the deionized water feed source. 

15 - 

44. The apparatus in accordance with claim 38, further comprising a reactor heater 

and a reactor cooler operatively connected to the reactor. 
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